Mitochondrial RNase P RNA (Rpmir) Is coded by the RPM1 gene of mitochondrial DNA In many yeasts. As an initial step to developing a genetic approach to the structure and biogenesis of yeast mitochondrial RNase P, biollstlc transformation has been used to Introduce wild type and altered RPM1 genes into strains containing no mitochondrial DNA. The introduced wild type gene does support RNase P activity demonstrating that pre-existing RNase P activity is not necessary for the biosynthesis of the enzyme. Mutations Introduced Into RPM1 In vitro result in reduced accumulation of mature tRNA and in an alteration of the processing of Rpm1 r In vivo.
INTRODUCTION
Mitochondrial biogenesis requires the contributions of many nuclear and mitochondrial genes. Mitochondrial enzymes are often composed of both nuclear and mitochondrial encoded subunits (1) . The yeast mitochondria! RNase P, required for the 5' maturation of mitochondrial transfer RNAs (tRNAs), is one such enzyme. The nuclear genome provides the protein components necessary for biogenesis and function of this enzyme (2, 3) and the mitochondrial genome provides an RNA thought to be the catalytic subunit (4, 5) .
Purification of mitochondrial RNase P to near homogeneity revealed a protein of-105 kDa fractionating with enzyme activity (6) . The gene coding for this protein was isolated and a genetic approach was used to determine if it played a role in RNase P activity. A mutation in the gene was created in vitro and used to replace the wild type gene as described by Rothstein (7) . Cells containing the altered gene accumulated mitochondria] tRNA precursors with 5' extensions. As this was the second gene associated with RNase P activity, it was named RPM2. RPM2 contains a long open reading frame without homology to any previously sequenced gene (8) . The first gene necessary for mitochondrial RNase P activity was found in an analysis of petite deletion mutants which are mutants with deletions of various portions of the mitochondrial genome (2) . It is now known to code for an RNA subunit of the enzyme. The RNase P RNA coded by the mitochondrial RPM1 gene is ~ 500 nucleotides (nt) long in Saccharomyces cerevisiae (5) but varies dramatically in size in other yeasts (9) (10) (11) . All of these yeast mitochondrial RNAs are very AU-rich but each contains two short regions of sequence similar to two regions of the bacterial RNase P RNAs (12) . These conserved regions are predicted to form a long-range interaction important for the architecture of the enzyme in prokaryotes (13) . No mutations that alter the structure or function of the RPM 1 gene have been isolated. The only RPM1 mutants defective in mitochondrial RNase P activity are those missing the gene completely (4) . This lack of mutants, other than complete deletion mutants, limits genetic approaches to Rpmlr structure-function studies.
Methods for transformation of yeast nuclear genes have been available for some time (14, 15) but these simple transformation protocols do not introduce exogenous DNA into mitochondria. Biolistic transformation of yeast does, however, allow the introduction of plasmids carrying mitochondrial genes into the organelle (16, 17) . As with nuclear genes, it is now possible to explore, in vivo, the consequence of altering mitochondrial genes in vitro. Thus for enzymes with subunits coded in both locations, the full range of genetic approaches should be possible. Our interest in the structure, function and biogenesis of yeast mitochondrial RNase P led us to explore whether the RNase P RNA gene, RPM1, could be introduced into yeast lacking it and whether the gene, once introduced, could be expressed. As no mutations have been isolated in RPM1, we also wished to determine whether mutations introduced in vitro could be assayed in vivo.
The results of experiments presented here show that RPM1 genes introduced into yeast cells which contain no mitochondrial DNA (p° cells) can produce functional Rpmlr, as demonstrated by the ability to process a reporter tRNA. This result demonstrates that preexisting RNase P activity is not necessary for the biosynthesis of the enzyme. The success of this experiment also means that both nuclear and mitochondrial encoded subunits of mitochondrial RNase P can now be altered in vitro and the consequences of these alterations assessed in vivo. To this end, To whom correspondence should be addressed mutations were introduced into a region conserved amongst all RNase P RNAs by site directed mutagenesis. These mutant strains are altered in their ability to process a reporter tRNA and, interestingly, are also deficient in their ability to make mature RNase P RNA.
MATERIALS AND METHODS

Strains and culture conditions
The following media were used for genetic manipulations: YPD: 1 % yeast extract, 1 % bactopeptone and 2% dextrose; YPRaff: 1 % yeast extract, 1% bactopeptone, 2% raffinose; YPGly: 1% yeast extract, 1% bactopeptone, 3% glycerol. DBY947 p° cells (MATa, ade2-101, ura3-52) (18) , which lack mitochondrial DNA were used for biolistic transformation. In the biolistic transformation experiments, nuclear transformants were selected on solid medium (3.5% agar) containing 6.7% yeast nitrogen base without amino acids, 5% dextrose, 100 mg/1 adenine-HCl and 1 M sorbitol. Transformants were subsequently scored for the presence of the mitochondrial COXII gene by crossing to a strain containing the TF145 mitochondrial genome (MATa, karl, ade2, can r , COXJ1::LYS2) which contains a deletion of the COA7/gene (17) . The yield was one positive mitochondrial transformant per 1000-5000 nuclear transformants. Mitochondrial transformants were recovered and grown in YPD media for -10 generations. Cells were again mated to the tester strain to determine plasmid stability following cultivation, followed by DNA and RNA isolation using standard procedures.
Plasmid construction
Mitochondrial DNA from Saccharomyces cerevisiae strain ND157, which consists solely of RPMl and tRNA As P genes (4) was linearized by digestion with Sau3A and cloned into the BamHl site of the Bluescript M13 (-) vector (Promega). A 2.6 kb Pstl fragment encoding the COXII gene and derived from pMT36 (17) was cloned into the Pstl site of the plasmid described above. RPMl genes were altered as described by Geisselsoder et al. (19) using single stranded DNA derived from the mitochondrial DNA/Bluescript molecule described above as substrate and the oligonucleotide 5'-TAll T1TGACTTTCCTATTA-3' which contained a single mismatch to the 5' conserved region of the mitochondrial RPMl gene.
Mitochondrial transformations
0.4 (i tungsten beads were coated with plasmid DNA containing the genes of interest and a separate plasmid, YEp352, containing the URA3 gene was co-precipitated for selection of nuclear transformants. This was done by adding, in order, 25 nJ of a 0.4 \i tungsten bead suspension (in 50% glycerol at 60 mg/0.5 ml and sonicated), 2.5 (ig RPM1 -containing plasmid DNA, 2.5 (ig YEp352, 25 ^1 2.5 M CaCl 2 , 10 u.1 0.1 M spermidine free base. Samples were mixed with a vortex mixer between each addition. After a 10 min precipitation at room temperature, the beads were pelleted by centrifugation at 12 000 g for 2 min. The resulting pellet was washed once in cold 70% ethanol, and suspended in 25 u.1 100% ethanol. These coated beads were suspended by briefly touching the tip of a sonicator probe to the solution and then immediately distributing them onto four disks which were allowed to dry before shooting. DBY947 p° cells used for transformation were grown overnight in 50 ml YPD supplemented with 100 mg/1 adenine-HCl (YPD.ade). These were diluted 1:2 in YPD.ade, grown for 4 h and then held on ice for 2 h. Cell number was determined with a hemacytometer. The cells were suspended to a density of 1 x 10 9 cells/ml in YPD.ade containing 0.9 M sorbitol. 5 x 10 8 cells were spread per sorbitol plate and left at 4°C until shooting. Typically 8-10 plates were shot for each desired DNA. These plates lacked uracil so only those cells which were transformed with DNA containing the URA3 gene grew. Colonies were well grown after 5-7 days incubation at 30°C, and these URA3-positive transformants were transferred to microtiter wells containing YPD.ade at -50 colonies/well. The microtiter dishes were incubated overnight at 30°C, then mated in triplicate to lawns of TF145 on YPD plates. The matings were incubated overnight at 30°C then replicated to glycerol to score for respiration, hence complementation of the COXII deficiency of TF145. Mitochondrial transformants were subcloned from positive wells to purity by the same mating and scoring procedure.
Nucleic acid isolation and characterization DNA and RNA isolation, separation of DNA and RNA by electrophoresis and hybridization was as described previously (8) . The probe for the mitochondrial tRNA As P gene and RNA was an oligonucleotide with the sequence 5'-GCACTGA-CATCCTCC-3' and the probe for the cytosolic tRNA^ was 5'-ATCTTCTGGTTCGCAGCCAG-3'. Both were labeled with [ determine whether the RPMJ gene could be introduced into yeast mitochondria lacking this gene and restore RNase P activity to transformants. First, a recombinant DNA was constructed from a Bluescript vector and the ND157 petite genome which contains an aspartic acid tRNA (tRNA As P) gene and the RPMI gene encoding the mitochondrial RNase P RNA (4). The COXII gene was added to this construct to provide a selectable marker (17) (Fig. 1 A) . The resulting recombinant molecule was cut with Nari and Sma\, the ends filled in with Klenow DNA polymerase and ligated to delete the region coding for the RNase P RNA for use as a negative control (Fig. 1B) .
All RNase P RNAs contain two regions of sequence similarity. Figure 2A shows the secondary structure interaction which occurs between the 5' and 3' regions of E.coli RNase P RNA (20) while Figure 2B shows the predicted interaction in S.cerevisiae. Both altered genes used in this study contained changes in the 5' conserved sequence and were created by in vitro mutagenesis as described in Materials and Methods. rpmlU-^A(107)AU(I13) contains a single U to A base change at position 107 as expected, however a spurious deletion of a U residue 6 nt further downstream accompanied the expected mutation (Fig. 2C) . rpmlAAAA(105) contains an insertion of four A residues at position 105 (Fig. 2D) . These genes were substituted for the wild type gene in the plasmid shown in Figure 1A to produce the plasmids shown in Figure 1C and D. All four plasmids were used in biolistic transformation experiments with p" cells as recipients.
Cells were selected on ura~ plates to assure that only cells receiving some DNA during the shooting procedure could grow. The subset of cells receiving the COXII gene were detected by mating cells from the original transformation plate with a COXII deletion strain. COXII positive transformants were recovered and their stabilities compared by inoculating a liquid culture and growing the cells overnight (-10 generations). The cells were then mated with the COXII tester strain TF145 to determine the percentage of original transformants retaining the COXII gene following cultivation. Table 1 shows the results from three independent experiments. The plasmid with the wild type RPMI gene is the most stable while rpml AAAA(105) is the least stable of this group of three plasmids. The plasmid with the deletion of RPMI (B in Fig. 1) is not included in Table 1 as stable transformants were not obtained in three separate shootings which did yield transformants with other DNAs. At best, 0.5-2.5% of cells grown from colonies from the original transformation plate retained the COXII gene at the end of the growth period and none of these retained the tRNA As P gene. Thus, the RPM2 deletion construct, while perfectly stable in bacteria, does not appear to be stable in yeast mitochondria. Restriction enzyme digestion coupled with Southern analysis demonstrated that the other plasmids recovered from mitochondrial transformants gave the same digest patterns as did the input plasmids (data not shown). We then turned to an analysis of the RNAs made by these synthetic petites. Northern analysis with a tRNA^P specific probe was used to see if the tRNA was produced in the transformants. As can be seen in Figure 3A , mature tRNA^P is made from the transformant containing the wild type gene (compare lanes 1 and 4) . It is identical to that found in the petite originally used to make the plasmids for the transformation experiments (lane 2). Thus, the result obtained with this strain shows that RNase P activity can be provided by transformation of mitochondria with exogenous DNA. The two strains transformed with altered RPMJ genes differ from wild type and from each other in their ability to produce mature tRNA from the tRNA^P gene. rpmlU->-A(107)AU(113) does not appear to make any mature tRNA (Fig. 3A, lane 5) while rpmlAAAA(105) accumulates a small amount of mature tRNA (Fig. 3 A, lane 6) . The identical blot was probed with an oligonucleotide complementary to a cytosolic tRNA^ (Fig. 3B) . The result of this experiment shows that each lane contains approximately equal amounts of total RNA. In some experiments, upon long exposure of film, we observed a small amount of transcript from the t/?M4 As P gene in rpmlU-•A(107)AU(113) cells. These transcripts were several nucleotides larger (Fig. 3C, lane 1) than the mature tRNA made by rpmlAAAA(105) (lane 2). Similar low abundance transcripts have been observed previously in petites that do not contain the RPMI gene (21, 22) .
Further Northern analysis was performed to compare the transcripts from the RPMI gene in the three synthetic petites. As can be seen in Figure 4 , the strain transformed with the wild type 
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gene makes some Rpmlr the same size as that found in a strain containing wild type mitochondria! DNA (compare lanes 1 and 4). It is also the same size as that found in the natural petite originally used to make the plasmids for the transformation experiments (lane 2). Both the synthetic petites and the original natural petite make a number of larger RNAs which we presume to be precursor RNAs. It is not obvious from these experiments that either of the synthetic petites with RPMI mutations make any mature Rpm 1 r (lanes 5 and 6). No mature Rpm 1 r was detected in either mutant upon longer exposure of the film (data not shown). Clearly the mutations introduced into the RPMI gene affect the biosynthesis of the enzyme. Figure 5 shows a Southern analysis of the three synthetic petites from which the RNA for the Northerns was obtained. An equal amount of total cellular DNA was loaded in each lane. There appears to be somewhat less plasmid in this sample of rpmlAAAA(105) than in those of wild type and rpm 1U-• A( 107)AU( 113)cells. Thus lower relative plasmid copy number cannot explain the absence of mature tRNA^ in rpmlU-t-A(107)AU(113).
DISCUSSION
Classical approaches have allowed the recovery of temperature sensitive strains with point mutations in yeast mitochondria] ribosomal RNA and tRNA genes (23) that lead to defects in mitochondrial protein synthesis. At the non-permissive temperature, mitochondrial protein synthesis is greatly reduced, the cells are unable to respire and some begin to lose their mitochondrial DNA. Despite efforts by us and by others (Bolotin-Fukahara, personal communication), the approaches successful for mm 44kb recovering mutations in other mitochondrial genes have not been successful in recovering similar mutations in RPMI. Mutations in yeast that alter the ability of mitochondria to carry out protein synthesis lead to destabilization of mitochondrial DNA and the production of petite deletion mutations (24) . It could be that mutants conditional for RPMI function cannot be obtained because RPMI mutations result in phenotypes severe enough to lead immediately to production of petite deletion strains.
Another explanation for the paucity of RPMI mutants may be found by considering the structure of these RNAs. Mitochondrial RNase P RNAs consist of predominantly AU-rich sequences and vary from 160 to >500 nt in different yeasts (11) . These characteristics predict that much of the 490 nt RNA in the strain of S.cerevisiae used here is not essential for function in vivo and that many mutations in the RNA may be tolerated. It is clear from biochemical studies that two thirds of the RNA are dispensable for enzyme activity in vitro (12) .
The experiments described here show that the transformation of yeast mitochondria with a mitochondrial RPMI gene leads to the appearance of mature tRNA from the reporter tRNA^ gene present on the same plasmid. Clearly, active RNase P can be made from transformed DNA. Like the original natural petite, ND157, the synthetic petite with the wild type RPM1 gene produces a transcript the same size as the mature Rpmlr found in wild type strains and natural petites. Both natural and synthetic petites accumulate larger molecular weight RNAs which appear to be precursor RNAs. Thus, there does not appear to be any significant difference in the transcripts from this gene in the two different types of petites. Both types of petites do accumulate more putative precursor RNAs than does the wild type cell, a characteristic of petites that has been observed for many different gene transcripts.
In the wild type genome, RPM1 is located between two tRNA genes, tRNAf* 1 " and tRNA Pw and is transcribed with both of them. (25; Stribinskis and Martin, unpublished). If there is an obligatory order of processing to separate these three transcripts from each other and RNase P is required early to remove the tRNAs, it is possible that RNase P activity might be necessary for the biosynthesis of RNase P RNA. That an RPM1 gene can be introduced into mitochondria that contains no mitochondrial DNA and function proves that pre-existing RNase P activity is not necessary for the biosynthesis of RNase P RNA. Even if RNase P activity per se is not required, as a putative catalytic RNA, Rpmlr could still play a more direct role in its own biosynthesis through self cleavage.
Transcription of Rpmlr in vitro has also been shown to initiate at the SP promoter, a sequence matching the mitochondria] consensus which is found between the tRNAf M *an& RPM1 genes in the wild type genome (26) . The SP promoter is present upstream of RPM1 in the plasmids used for biolistic transformation and is likely to initiate Rpmlr transcription in vivo. The site of transcription initiation for the \RNA As P gene is less clear as none of the synthetic petites have a mitochondria] promoter positioned directly upstream of the tRNA^P gene, yet all clearly support the synthesis of tRN A^P. Thus, the lack of mitochondria! sequences in the 5' leader does not preclude processing in vivo. We presume tRNA As P transcription to initiate either in plasmid sequences (17) or by read-through of the entire plasmid by polymerases initiating at the SP or COXII promoters. Transcription of DNA in the absence of mitochondria! promoter consensus sequences is not without precedent. Both naturally occurring petites lacking recognizable promoter sequences (27) and pBR322 introduced by biolistic transformation, are transcribed (17) . If transcription begins in multiple locations, a discrete transcript would not be seen.
All RNase P RNAs contain two short regions of conserved sequence similarity presumed to participate in the formation of a pseudoknot thought to be necessary for activity (20) . The two altered genes used in this study were created by site directed mutagenesis targeted to the 5' most of these conserved sequences. Both mutations made in the 5' conserved region would change the predicted pairing downstream of the bulged U from four base pairs to three. The three remaining interactions downstream of the bulged U should be identical in the two mutants. This suggests that the more severe defect in rpmlU-KA(107)A(113) is due to the loss of the downstream U 113 (numbering as in Morales et al., 1991) .
Finally, our results raise new questions for the future. The lack of mature RNase P RNA in the two mutants deserves further mention. Clearly these mutations interfere with the normal processing of RPM1 transcripts. One possibility is that the mutations prevent the precursors from taking on a conformation that is compatible with their serving as substrates for the other RNA processing enzymes required for the maturation of Rpmlr. Another is that the mutations prevent the RNA from interacting with Rpm2p or some other protein and that the formation of such a complex is necessary for subsequent processing steps. Experiments to test these hypotheses are currently underway.
Another issue is whether mature Rpm lr is essential for RNase P activity. It is clear that prokaryotic RNase P RNA precursors can function in vitro in RNA alone reactions. rpmlAAAA(105) does not appear to make any mature Rpmlr yet has a small amount of mature tRNA^P. Either there is a small amount of mature Rpm 1 r made in rpml AAAA( 105) that we do not detect on Northerns or precursor Rpmlr may function to provide some RNase P activity. This issue cannot be rigorously addressed until conditions are discovered that allow in vitro RNase P activity with these mitochondrial RNAs alone or until a successful in vitro reconstitution system for producing holoenzyme is developed.
